
1 INTRODUCTION: NETWORKS AND PROJECTS  

The condition of the national infrastructure and particularly that of the Nation’s bridges has 

gained new public interest and funding in recent years. The 2013 Report Card for America’s In-

frastructure by the American Society of Civil Engineers (ASCE) notes slight improvement since 

2012, while also estimating the needs over the next 7 years at $US 3.6 trillion. Since funding 

available on the network level never matches needs estimated on the project level, optimization 

would be appropriate. That process would require sufficiently reliable knowledge of existing 

conditions, future needs, available options for action; and costs. These blocks of information 

however are profoundly uncertain, combining ignorance, randomness and vagueness in various 

degrees. Uncertainty is common in long-term strategic network-level planning. Numerous high-

ly sophisticated optimization algorithms have been advanced. Project-level execution however, 

demands precision. Numerical examples typically address single projects or networks consisting 

of a few structures. Consequently, network optimization often reduces to project prioritization. 
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and the known expenditures for rehabilitation, repair and maintenance over a period exceed-

ing two decades. The evaluations include condition ratings generated by visual biennial inspec-

tions, as well as reports of potential hazards and other assessments. In contrast with probabil-

istic forecasting models, this exercise directly compares the bridge condition database with the 

magnitude of the remedial measures. The correlation between condition evaluations and ac-

tual conditions is uncertain. So is the one between remedial actions and their effect on the 

conditions. Nevertheless, comparing bridge and element condition ratings with network level 

expenditures over two decades reveals a functional relationship between the project level 

structural demand, and the supply of remedial actions. 

 



2 NETWORK AND PROJECT LEVEL CONDITION ASSESSMENTS 

The organized dynamic interaction of network level planning and project level execution begins 

with the acquisition and management of relevant information. Since 1971 the National Bridge 

Inventory (NBI) has consistently improved the database of qualitative (and to a degree quantita-

tive) assessments of the 630,000 vehicular bridges nationwide (FHWA 1971, 1988, 1995). In con-

trast, data correlating bridge-related actions and their costs / benefits to the structural integrity 

and serviceability remain elusive. 

Recognizing this basic problem of bridge management, New York State Department of Trans-

portation (NYS DOT) has introduced a redundant system of condition evaluations which serves 

as input for the prioritization of long and short – term needs statewide. On the local level, the 

New York City Department of Transportation (NYC DOT) fully implements the NYS DOT sys-

tem and supplements it with certain additional features. The data collected over the last 25 years 

reveal the trends in bridge conditions and expenditures. Concurrently, annual budgets are evi-

dence of the selected strategic and tactical options. An outline of the material presented herein 

appears in Yanev and Richards (2013). The basics are formulated in detail in Yanev (2007). 

Given the many uncertainties associated with structural assessment, the engineering approach is 

to employ a redundant system of evaluations, such that all aspects of the desired performance 

would be captured reliably. In recent terminology, such a system is ”robust”. A brief description 

of several concurrent bridge assessments follows: 

Bridge condition ratings (NBI, AASHTO, NYS DOT) 

Bridges can be rated descriptively and prescriptively. Descriptive ratings compare the structure 

to an “as built” condition and identify deficiencies in quantity, quality and location. Prescriptive 

ratings recommend remedial actions. 

NBI Ratings, Bridge Inventory Guide (FHWA 1971, 1988, 1995) 

The policy adopted by the Federal Highway Administration (FHWA) is to compare inspection 

findings to the presumed “as built” condition. Inspections are visual. Hence a descriptive condi-

tion rating says more about the state of maintenance than about the load carrying capacity. NBI 

rates the conditions of bridge components on a 10 – level scale. Quantification of deficiencies 

and remedial actions has been hard to obtain directly from the NBI (FHWA, 2001), but it is in-

creasingly in demand for the purposes of life-cycle management (FHWA, 2002).  

AASHTO Element Level Bridge Inspection Guide (AASHTO, 2011) 



The new guide replaces the original 10-level condition rating system with a 4-level system. 

Whereas the 10-level rating system was oriented towards averting imminent failures, the 4-level 

one emphasizes life-cycle improvements. Defects are inventoried and their presence must be 

quantified.  

The Federally funded bridge management software Pontis has updated its software to accom-

modate the new AASHTO condition ratings. Concurrently, it has supplemented the Markov 

chain models for condition forecasting with Weibull distributions.  

New York State Department of Transportation 

In compliance with the federal mandate, NYS DOT requires all vehicular bridges in the state to 

be inspected at least biennially. Supplementing the mandate, the inspections are span- and ele-

ment – specific. Every element in every span receives an integer numerical rating from 7 (new) 

to 1 (failed). The rating of 5 designates good condition and 3 signifies “not functioning as de-

signed”. Since numbers (6, 4, 2) signify transitional states, the ratings are a nuanced version of a 

4- level rating scale. A weighted average formula combines the worst ratings of 13 key structur-

al elements throughout the bridge to obtain an overall condition rating as shown in Eq. (1).  

                                                                                              13                     

                                                        R  =  ∑ ki Ri                                                                 (1) 
                                                                                                      i=1                   

or                                                          13  

                                                   r  =  ∑ ki ri                                                         (1 – a) 
                                                                                                      i=1 

where: 

R is the overall bridge condition rating;  

r is the annual rate of deterioration; 

Ri is the minimum condition rating of element “i” observed on the bridge during the inspection 

(not necessarily in the same span).  Elements i (i = 1 through 13) are shown in Table 1. 

ki are the normalized element weights of the NYS DOT bridge condition formula.  

ri is the annual deterioration rate of bridge component i; 

The roughly 20,000 vehicular bridges in NYS and their elements in every span have been rated 

by this method since the 1970s. Yanev (2007) recommended including paint for steel structures. 

The prescriptive approach, favored for example by the American Railroad Engineers and Man-

agers Association (AREMA), rates conditions by the amount and the urgency of the remedial 

work, recommended by the inspecting engineer. It is assumed that all recommended actions will 



be executed on schedule, hence the method is suited for a network in superior condition, a lower 

tolerance for structural deterioration, and a reliable response capability.  

For prompt corrective actions such as the mitigation of “potential hazards”, prescriptive evalua-

tions must supplement the descriptive ones.  

Potential hazards (NYS DOT) 

NYS DOT designates potentially hazardous conditions as “flags”. Flags can be structural or 

safety (where the former always implies the latter, but not vise versa). Their urgency can vary 

from requiring prompt interim action (PIA) within 24 hours to low priority (allowing for moni-

toring until the next regular inspection). Figure 1 shows the flags issued for New York City 

bridges from 1982 to 2006. The escalation and subsequent decrease reflect a decade of intensive 

emergency and reconstruction work, followed by a relatively steady state when funding is less 

rigidly constrained by safety considerations. 

 

                       Figure 1:  Flags for the bridges in New York City between 1982 and 2006. 

Yanev
 
(2007) reported a correlation between flag incidence and condition ratings of the most 

frequently flagged bridge elements, such as decks, primary members, railings, expansion joints 

and so on. The result was a fairly realistic method for forecasting flags according to condition 

ratings. Hazards related to traffic accidents and climatic changes occur at a relatively steady 

rate, whereas those caused by structural conditions increase with deterioration to the rating of 3 

(NYS DOT) and then decline, because lower ratings typically receive temporary strengthening. 



Load rating (AASHTO, 2010) 

Load rating is obtained through calculations based on the design of the structure. Significant de-

partures from the as-built condition require new ratings. NBI recognizes inventory and operat-

ing ratings, the former reflecting the regularly presumed structural capacity, the latter – its ex-

treme capacity. In a well functioning system the qualitative condition ratings should report 

visible deterioration before the quantitative load ratings can show that the structure is function-

ally deficient. This relationship appears to be prevalent. Destructive tests of condemned bridges 

have shown them to retain considerable load-bearing capacity. 

Vulnerability (NYS DOT) 

This rating anticipates hazards, rather than react to them. NYS DOT has developed procedures 

for addressing vulnerabilities related to the following causes: hydraulic, seismic, collision, over-

load, steel details, concrete details, and sabotage.  

Vulnerability is determined first through a review of the inventory, then confirmed by field in-

spections. The rating prioritizes the pre- and post- event needs of the potentially vulnerable 

structures. Procedures for mitigating the conditions (by repair, rehabilitation, retrofit or re-

placement) and for responding to them in emergency mode are established.  

Serviceability and Sufficiency (NBI) 

Serviceability is said to be appraised, rather than evaluated. The federal rating is once again 

from 9 to 0. The quality of service is influenced by structural conditions, but depends also on 

factors, such as importance, obsolescence, and poor geometric alignment. Bridges are assigned 

an overall sufficiency rating combining structural (55%) and serviceability (30%) factors, modi-

fied by importance considerations (15%). In a safely operating network, the bridge useful life is 

determined by serviceability, rather than by structural integrity. According to Fig. 2, this is the 

state of the bridges in New York City. Structural condition ratings rarely fall below 3 and do not 

reach 1, whereas sufficiency ratings below 10% can be observed. 

Diagnostics 

Diagnostics is a rapidly developing field of condition assessment. It utilizes the non-destructive 

testing (NDT) and evaluation (NDE) techniques which are becoming commercially available for 

the first time. The developments occur in the domain of health monitoring, shared by bridge 

owners, researchers and manufacturers, however their respective priorities can be orthogonal, as 

in Fig. 3. Scientific research focuses on measurable events, commercial production develops 

marketable technologies, bridge owners must manage the life-cycle of their assets optimally. 



The available technologies remain under-utilized, in part due to ignorance, but also because 

their application presents new challenges to contractual practices. Improved diagnostics will 

eventually bring greater clarity to the cost / benefit relationship between bridge conditions and 

related actions. 

 

Figure 2:  Structural and sufficiency ratings for the bridges of New York City with respect to age.  

3.   BRIDGE –  RELATED ACTIONS 

The options available to the bridge manager / owner fall into the categories described in this 

section. Rigorous optimization algorithms necessarily include a “do nothing” option. For a net-

work consisting of numerous structures under heavy traffic however, some type of maintenance 

is a daily need. Under such constraints, the “do nothing” option serves only as an excuse for ne-

glecting maintenance. 



 

          Figure 3:  The 3-dimensional domain of structural health monitoring and diagnostics. 

Maintenance 

NCHRP Synthesis 330 (2004, p. 8) quoted a classification of maintenance by Hudson et al. 

(1997) into routine, corrective, preventive, proactive and reactive). The synthesis (p. 5) adopted 

the following definitions: 

Preventive maintenance (PM) - planned strategy of cost-effective treatments... that preserves the 

system, retards future deterioration, and maintains or improves the functional condition of the 

system (without substantially increasing structural capacity).  

Preventive maintenance (PM) is commonly assumed to forestall deterioration without improv-

ing the structure. For pavements, NCHRP 153 (1989, p. 7) defines routine maintenance as fol-

lows: 

"A program to keep pavements, structures, drainage, safety facilities, and traffic control devices 

in good condition by repairing defects as they occur... Routine maintenance is generally reac-

tive." 

Preventive maintenance (PM) is a cyclic planned activity defined (ibid.) as “a program strategy 

intended to arrest light deterioration, retard progressive failures, and reduce the need for routine 

maintenance and service activities”.  

Corrective maintenance is synonymous with repair, although managers may assign different 

scope to each of the two terms.  



Demand maintenance consists of safety - related emergency repairs, as in the elimination of po-

tential hazards and is purely reactive. Das (Frangopol, 1998) refers to such maintenance as es-

sential. AASHTO (1999, p. 1-5) refers to reactive maintenance in a similar sense.   Predictive 

maintenance was recommended by Mobley (1990) for industrial production. It seeks to reduce 

maintenance waste by improved estimates of machine useful life. Reliability-centered mainte-

nance  is defined by Hudson et al. (1997, p.240) in the same sense. This strategy is more appli-

cable to mechanical equipment where maintenance consists of replacement of components with 

highly predictable useful life spans. Nonetheless, predictive maintenance can be cost-effective 

in complex structures, for instance in combination with the tools of structural health monitoring. 

Routine maintenance is the vaguest of the terms. Accordingly, maintenance is rarely the routine. 

   

Preservation  

Bridge preservation has gained importance as a combination of maintenance and improvement. 

FHWA (2008)  defines it as actions or strategies that prevent, delay or reduce deterioration of 

bridges or bridge elements, restore the function of existing bridges, keep bridges in good condi-

tion and extend their life. Preservation actions may be preventive or condition-driven. Identify-

ing a set of options as preservation is a pro-active response to the notorious tendency to ignore 

maintenance until repair becomes inevitable.  

Repair & Rehabilitation  

The two differ in scope, depending on the interpretation.  

Repairs are usually considered expense budget items, whereas rehabilitations are capital ex-

penditures, eligible for federal funding. Structural improvements qualify as capital work if they 

exceed cost and expected useful life thresholds (for example, more than $US 5 million and 5 

years of useful life). In the early 1990’s New York City bridge management designated such re-

pairs as component rehabilitation and the program has qualified for capital funding ever since. 

Rehabilitations usually include deck replacement. Reconstruction is essentially synonymous.  

Retrofit, as well as stiffening and strengthening, improve the structural performance under extreme 

events. The demand for retrofit is obtained by vulnerability assessments, whereas rehabilitations are 

scheduled according to condition and serviceability ratings.   

Replacement can involve existing foundations or entirely new alignments.  

The NBI classification, described in the preceding section, correlates the terms replacement and 

rehabilitation to sufficiency ratings below 50 and from 50 to 80, respectively. 

 



4     THE NEW YORK CITY NETWORK /  BRIDGE EQUILIBRIUM OF SUPPLY / DEMAND 

There are roughly 2200 bridges in new York City, of which approximately 75 are over water. 

Among them are several former world champions for span length (Brooklyn, Williamsburg, 

George Washington, Verrazano, more than 25 moveable bridges of all kinds and multi-span vi-

aducts extending over City streets for many miles. The designated responsible owners include 

the Port Authority of New York & New Jersey, the Metropolitan Transit Authority, New York 

State and New York City. According to NYC DOT Bridge Annual Report (2012), the City is re-

sponsible for 684 vehicular and 104 pedestrian bridges. Oldest among them is the High Bridge 

(1848) over Harlem River. Originally an aqueduct, it is being modified for pedestrian use. 

Over the last two decades, an equilibrium was established between the demand of the bridge 

conditions modeled by the condiion ratings described in Section 2, and the supply of actions de-

fined in Section 3. Equation (2) models a linear average deterioration rate r which is counteract-

ed by reconstruction and repair, resulting in a constant overall average bridge network condi-

tion. (Figures 4 demonstrate that bridge conditions gradually improved.) 

                              (A - ARec - ARep) r = ARec ΔRRec  + ARep ΔRRep                   (2) 

where: A is the deck area of the bridge stock, 

       ARec is the deck area under reconstruction,  

       ARep is the deck area under repair,  

       ΔRRec  is the average annual change of R of ARec ,  

      ΔRRep  is the average annual change of R of ARep, and r is the annual rate of bridge deterio-

ration (i.e. the reduction of R) for A - ARec - ARep..  

Equation (2) states that the bridge deck area restored by reconstruction and repair compensates 

for the effects of steady deterioration. The associated direct annual expenditures are as follows: 

                                      CDA = (A – ARec) CM + ARecCC + ARepCR                                 (3) 

where: CDA are the direct costs,  

        CC are the reconstruction costs,  

        CR are the repair costs, and  

        CM is the cost of preventive maintenance, all in $US per unit of bridge deck area.    

The costs CC and CR reflect established design and construction practices. On the project level 

they can vary significantly both in magnitude and in yielded benefits. Over a large network 



however, costs tend towards average values typical of the region. The bridge condition equilib-

rium can be rendered more realistic by allowing “reconstruction” to occur over a variable period 

of years, whereas the repairs of area ARep are completed annually. 

For simplicity, repairs and reconstructions are merged into a general “rehabilitation”, such that 

AReh  ARec + ARep , ΔRReh is the average change of R for AReh, and CReh  is the average annual 

bridge rehabilitation cost in $US / unit of bridge deck area. The area under “rehabilitation” an-

nually is n AReh, where n is a project duration, averaged over the network. Then Eq. (2) assumes 

the form:  

                                              (A - n AReh) r  =  AReh ΔRReh                                       (2-a) 

or:                                                   A / AReh =  ΔRReh / r + n                                   (2-b) 

Equation (3) becomes: 

                              CDA = (A – n AReh) CM + ARehCReh                                             (3-a) 

or:                          CDA = A CM + AReh (CReh – n CM)                                              (3-b) 

Equations (2-a) and (2-b) conveniently show that AReh = 0 (rehabilitation is unnecessary) if r = 

0, and AReh → A / n  if r >> ΔRReh. Equation (3-b) implies that a CM ≥ CReh /n should eliminate 

all need for rehabilitation. 

The following values are roughly representative for the 684 vehicular and 104 pedestrian bridg-

es managed by New York City in 2012. 

CReh   =  6,000 $US/m
2
 of deck area under reconstruction,  

ΔRReh ≈ 3 points. 

A       = 1.5 million m
2
; 

AReh   ≈ 0.083 million m
2
 or 0.055A ($US 500 million / 6,000); 

n        ≈  2 years 

                                         r = AReh ΔRReh   / (A – n AReh)  = 0.187 ≈ 0.2  

This value of r corresponds to a useful life of 30 years, as in the “worst cases” appearing in 

Figs. 4. Worst case deterioration rates of essential bridge elements similarly obtained by field 

inspections corroborate this finding, as shown in Figs. 5. In contrast, the overall average bridge 

and element condition ratings derived from the data shown in Figs. 4 and 5 suggest an useful 

life of 60 years, corresponding to a deterioration rate r = 0.1. This stark discrepancy is at the 

root of the gap between network level estimates of needs and project level prioritization of de-

mand. Whereas the former consider the average conditions of large populations, the latter must 

address the recurring worst cases. 



5.   NETWORK OPTIMIZATION / PROJECT PRIORITIZATION 

Assessments of network level needs are based on the average behavior of large populations and 

employ statistical methods. P. Thompson et al. (2012) summarize the current state of the art in 

modeling deterioration from the data typically available for infrastructure assets. A. Agrawal 

and A. Kawaguchi (2009) obtained deterioration models for NYS DOT. Despite efforts to filter 

out the effect of any repair actions on the condition ratings, the latter report estimated the aver-

age life of bridge decks at approximately 80 years. Figure 5 – b corroborates such a finding for 

the 684 vehicular bridges in New York City. However, both Figs. 4 and 5 show shortest useful 

lives of bridges and their critical elements, such as decks, consistently at less than half of the 

average life of the population. Capital expenditures match that shortest life. Over the last several 

years, the average overall condition R of the New York City bridges has risen from 4.5 to 4.9, 

whereas the annual rehabilitation expenditures have remained steady at approximately $US 500 

million/year, as in the preceding numerical example. That demand is driven by a deterioration r 

= 0.2, or a life of roughly 30 years, as in the worst cases of Figs. 4 and 5. It is obvious that not 

the average but the worst cases determine the needs.  

Figures 4 show a consistent upward trend in the bridge worst ratings. If matched by the element 

ratings, this would imply that structural life has been extended, as a result of maintenance or of 

improved rehabilitation quality. Figures 5 however do not support such a conclusion. The short-

est lives of critical elements remain essentially the same. Hence, the overall bridge condition 

improvement must be attributed to reducing the backlog of structures awaiting rehabilitation.  

The supply of reconstructions has risen to meet the demand of deterioration. The improvement 

is quantifiable in greater capital expenditures. The following reassessments are appropriate. 

- The dominant rehabilitation expenditure CReh addresses the present “demand” exerted by 

worst cases among bridges, however it does not reduce the future one. According to Eq. (2), the 

demand of failing conditions can be reduced only by slowing down the deterioration rate r. That 

rate is a function of maintenance.  

- Since it does not improve the condition R, CM is not explicit in Eq. (2). As rapid deteriora-

tion (Fig. 5) necessitates the mitigation of potential hazards (Fig. 1), CM  is diverted from pre-

ventive to demand functions. “Demand” interventions can cost from $US 20,000 to 300,000 (if 

interruption of transit service under the bridge is involved). 

The preceding observations suggest two possible management options: model the rate of con-

tinuous deterioration r as a function of “preventive maintenance”, or correlate it with discrete 

“repair” actions, such as “bridge preservation”. 



1990 Age Vs Condition Rating (No Ped)
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1998 Condition Rating vs Age (No Ped)
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2008 Age vs Condition Rating (No Ped. Bridges)
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                                                                       c) 2008 

2011 Age vs. Condition Rating (No Ped. Bridges)
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                                                                       d) 2011 

                             Figure 4:  Condition ratings versus age for the New York City bridges  



 

                                                                             a) primary members 

 

                                                                             b) bridge deck 



 

                                                                       c) wingwalls 

 

                                                       d) expansion joints 



 

                                                            e) bearings 

 
                                                                                    f) backwalls 
                                       Figure 5: Deterioration vs. age for selected bridge elements. 



5.1. The maintenance model 

The model is discussed in Yanev (2007) and Yanev and Richards (2013). It makes the following 

assumptions. 

- The useful life of the bridge elements in Eq. (1) and Table 1 is a linear function of the level 

of maintenance. 

- Preventive maintenance (100%) is defined as a vector of tasks with prescribed annual fre-

quencies and costs, as in Table 2. 

- Level of maintenance is expressed in terms of its costs. 

- Total annualized life-cycle costs are defined by Eqs. (3-a and –b) for the sum of years in 

service at no discounting. 

Under these assumptions, a decrease in maintenance expenditures CM increases the rate of dete-

rioration r and hence, CREC, as shown in the quasi- linear relationship of Fig. 6. This outcome is 

predetermined and allows no optimization. 

An alternative would be to quantify the benefit of each maintenance task to each critical ele-

ment. The deterministic expert opinions formulated in Tables 1 and 2 define bridge con-

dition and relate it to a defined bridge maintenance. The expert opinion of Table 3 quan-

tifies that relationship. Departing from this deterministic set-up, Yanev, Testa and Garvin 

(2003) and Yanev and Richards (2013) reported partial optimizations, based on the importance 

factors of Table 3, while disregarding the frequencies recommended in Table 2, col. 3. The re-

sult was a funding re-allocation to the “cost-effective” tasks, as in Table 2, col. 7.  

The effect of maintenance tasks j on bridge elements i is modeled by a matrix of im-

portance factors Iij (Table 3). Equation (4) assumes that this effect is linear, so that 

maintenance levels from 0 to 100% extend the useful life of each element proportional-

ly. 

                                                   13                  13                          15 

                                              r =∑ ki ri0 – ∑ki (ri0 – ri1)∑ kij mj                                           (4) 

                                                   
i=1                 i=1                        j=1                                  

where:  0 <  mj < 1 - maintenance level of performance of the j
th 

task, expressed as a fraction  

                                  of the full maintenance level as recommended in Table 2  

            kij               - normalized values of the importance factors Iij 

            ri0, 1                  - deterioration rates of element i at mj = 0 and 1, respectively. 



The sensitivity kj of the deterioration rate r to each maintenance task is obtained from 

Eq. (5) based on the importance factors Iij. The resulting  kj are listed in Table 2, col. 5. 

                                                                      13 

                                            kj = - ∂r / ∂mj = ∑ ki (ri0 – ri1)kij                                        (5)      

                                                                      
i=1 

The annual cost of each task is the product of its unit cost cj and its recommended fre-

quency fj. The ratio of the sensitivity and the annual cost of each maintenance task can 

be regarded as a measure of its cost-effectiveness CEj: 

                                           CEj =  kj / cj fj                                                                (6) 

where:  cj    -  unit cost of task j  

        fj     - annual recommended frequency of task j at mj = 1 (Table 2, Col. 3). 

The values of CEj obtained by Eq. (6) are listed in Table 2, col. 6. They depend on Iij 

and consequently differ widely, suggesting that, as recommended, the task frequencies 

are “cost-ineffective”. The total annual maintenance budget CM should therefore be re-

allocated among the 15 maintenance tasks, so that their frequencies fj
 ce

 would be equal-

ly “cost-effective”, and hence satisfy Eq. (7).  

                                                      15                                     15 

                                            CM = ∑ cj fj
 ce

 = const.  ∑ kj                                                (7)      

                                                     
i=1                                     i=1 

where:  fj
 ce

 = const. kj / cj                                                                       

The “cost-effective” frequencies fj
 ce

 and their respective annual costs are listed in Table 

2, cols. 7 and 8, adding up to the same total annual amount CM. Figure 6 shows the clus-

ter of possible solutions and the envelope of minimized total life-cycle costs.  Figures 7 – a and 

– b show examples of two points on that envelope, where constrained maintenance allocations 

minimize the increase in total annualized life-cycle costs.  Two main observations emerge. 

- Optimizing their project level demands, bridge owners often delay re-painting without algo-

rithmic assistance. That is to be expected, since it would absorb 60% of the maintenance cost, 

but does not contribute directly to the structural load-bearing capacity, nor to the condition rat-

ing in Eq. (1). The algorithm however, makes it obvious that, despite its importance, paint is too 

costly to be managed as maintenance. In contrast, it readily qualifies as capital improvement. It 

is now managed as such by most bridge owners and by the FHWA. 

 



Table 1: Bridge elements in Eq. (1) and their life under 0 & 100% maintenance 

    Useful life Rating Weight Deterioration 

i Element Li 0* Li 1** New Failed Wi  ki  ri 0  ri 1  

1 2 3 4 5 6 7 8 9 10 

1  Bearings, an-

chor bolts, pads 

20 120 7 1 6 0.083 0.30 0.05 

2  Backwalls 35 120 7 1 5 0.069 0.17 0.05 

3  Abutments 35 120 7 2 8 0.111 0.17 0.05 

4  Wingwalls 50 120 7 1 5 0.069 0.12 0.05 

5  Bridge seats 20 120 7 1 6 0.083 0.30 0.05 

6  Primary membr 30/35*** 120 7 2 10 0.139 0.2/0.17 0.05 

7  Second. membr 35 120 7 1 5 0.069 0.17 0.05 

8  Curbs 15 60 7 1 1 0.014 0.4 0.10 

9  Sidewalks 15 60 7 1 2 0.028 0.4 0.10 

  10 Deck 20/35*** 60 7 2 8 0.111 0.3/0.17 0.10 

  11 Wear.surface: 10/15*** 20 7 1 4 0.056 0.6/0.4 0.3 

  Separate course  10/15*** 20 7 1 4 0.056 0.6/0.4 0.3 

  Bonded mono. 10/15*** 30 7 1         

  12 Piers 30 120 7 2 8 0.111 0.2 0.05 

  13 Joints 10 30 7 1 4 0.056 0.6 0.2 

            Σ = 72 1.00 r 0 = 0.24 r 1 = 0.075 

Note: *Observed at no maintenance; **assumed at ‘full’ maintenance; ***with/without joints. 

                        

                  Table 2: Prescribed maintenance tasks for the New York City bridges (1999) 

 

Maintenance 

task 

Unit cost 

cj $US/m
2
  

Recom. 

annual 

freq. fj  

Annual cost 

[$US, 1999] kj  

kj / cj fj 

x 10
-2

 

Cost-

effective 

freq. fj 
ce

  

AnnualCost 

[$US] 

 1 2 3 4 5 6    7          8 

1 Debris removal 0.13 12(52*) 2,319,653 0.068 4.4 34.708 6,709,153  

2 Sweeping 0.02 26 613,071 0.060 11.5 248.194 5,852,319  

3 Clean drain 0.33 2 863,804 0.118 17.9 24.852 10,733,443  

4 Clean abut., piers 1.94 1 2,776,013 0.089 4.6 3.139   8,712,665  

5 Clean grating 0.40 1 55,490 0.078 19.5 13.437      745,600  

6 Clean joints 0.75 3(26*) 3,262,730 0.101 4.5 9.191 9,995,427  

7 Wash deck, 1.01 1 1,455,198 0.057 5.64 3.878 5,643,897  

8 Paint 301.45 0.083 36,041,997 0.050 0.2 0.011 4,982,679  

9 Spot paint 66.44 0.25 23,743,128 0.044 0.26 0.045 4,275,512  

10 Sidewalk/curb rep 3.72 0.25 1,328,182 0.029 3.12 0.528 2,806,598  

11 Pvmnt/curb seal 3.22 0.5 2,334,466 0.110 6.83 2.356 11,000,178  

12 Electric maint. 0.03 12 1,107,143 0 – 12 1,107,143  

13 Mech. maint. 0.03 12 1,010,502 0.073 20.3 80.273 6,759,670  

14 Wear. surface 4.85 0.2 1,390,305 0.040 4.12 0.568 3,949,428  

15 Wash under. 9.24 1 13,189,518 0.084 0.91 0.623 8,217,488  

 Total     91,491,200 1     91,491,200 



        

Figure 6: Annualized life-cycle costs as  function of prescribed and optimized maintenance. 

 

 

Figure 7: Optimized allocation of maintenance funding limited to: a) 25%, b) 40%. 



Table 3: Importance factors correlating maintenance tasks of Table 2 and element conditions of Table 1 
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1  Debris 

removal 

70 50 20 20 80 50 50 80 80 80 90     

10 

80 

2  Sweep 20 10 10 0 50 50 50 100 80 90 100 10 100 

3  Clean 

drains 

90 90 90 80 100 100 100 100 100 100 100 50 100 

4  Abt., 

piers 

100 100 100 90 100 80 80 0 0 50 50 100 50 

5  Gratings 100 50 70 100 100 100 100 10 10 80 100 100 90 

6  Joints 100 80 100 50 100 100 80 50 50 90 90 90 100 

7  Wash 

deck 

50 30 20 0 60 40 40 100 0 100 100 40 100 

8  Paint*  100/ 

  10 

50 0 0 100 

/0 

100 

/0 

100 

/0 

0 0 40 0 100/ 

10 

50 

9  Spot 

paint* 

100/ 

10 

50 0 0 100 

/0 

100 

/0 

100 

/0 

0 0 0 0 100/ 

10 

0 

10 Patch 

walks 

0 0 0 0 0 0 0 100 100 10 10 0 50 

11 Pvmnt 

and curb 

100 100 100 50 100 100 100 100 100 100 100 50 50 

12 El.maint. 0 0 0 0 0 0 0 0 0 0 0 0 0 

13 Mech. 

oiling 

100 50 50 20 100 100 100 100 0 50 0 100 100 

14 Resur-

face 

0 10 0 0 10 10 10 50 50 100 100 10 100 

15 Wash 

under-

deck 

100 100 100 50 100 100 100 0 0 80 0 100 90 

Note: Alternative values apply to steel and concrete structures respectively. 

 

- With paint removed from the maintenance tasks, CM can be (hypothetically) reduced by up 

to 50% without significantly increasing the life-cycle annualized costs. 

5.2. The repair model 

In this model all actions produce some discrete improvement in the condition rating history, as 

in Eq. (2). In Eq. (3) CRep  assumes all of the functions of CM, similarly to “bridge preservation”. 

Hence r becomes a function of CRep. Both CRep and ΔRRep of Eq. (2) must be averaged over a 

broader range of possible repair or preservation costs / benefits. Equations (2) and (3) assume 

the form: 



                                  A / ARec  =  n + ΔRRec  / r(1 –  m)                                              (2-c) 

                                  CDA / A =  [CRec - n CRep] ARec / A +  CRep                                (3-c) 

where mr is the annual effect of repairs on the rate of deterioration r, extended over the entire 

deck area in use. As in Eqs. (2- a and -b), the model can be adjusted to reflect the average dura-

tion of reconstructions by the parameter n. 

Given the effectiveness of reconstruction to improve condition ratings (ΔRRec ), and that of re-

pairs to counteract deterioration (mr), Eq. (2-c) determines the annual amount of reconstruction 

required for a steady state of the average network conditions. Exceeding that amount would re-

sult in an overall rating improvement. If Eq. (2-c) holds true for a network, then the total annual 

unit costs should be as in Eq. (3-c). With the required amount of reconstruction ARec determined 

by Eq. (2-c), Eq. (3-c) can compare different  CRep  for cost-effectiveness in reducing CDA . The 

following numerical values illustrate the process:    

                                               r = 0.2; m
1
 = 0.5; n = 2 years; ΔRRec = 4 

Substitution in Eq. (2-c) obtains: 

                                                ΔRRec  / r (1 – m) + n = 42 

Introducing that result in Eq. (3-c) yields: 

                                             CDA  / A 
1
 = CRep

1
 + [CRec  - n CRep] / 42         

Less effective repairs, for example  m
2
 = 0.1, obtain: 

                                             CDA  / A 
2
 = CRep

2
 + [CRec- n CRep] / 24.4         

The effective rates of deterioration are r(1 – m
1
) = 0.1. and r(1 – m

2
) = 0.18, respectively, simi-

lar to those obtained in Section 4. If CRep
1
 > CRep

2
, cost-effectiveness can be compared as fol-

lows: 

                                             0.024 [CRec- n CRep
1
] + CRep

1
  = 0.041 [CRec- n CRep

2
] + CRep

2
         

or                                         0.952CRep
1
 = 0.918 CRep

2
 + 0.017 CRec  

Typical CRec exceed CRep by orders of magnitude, and are associated with higher indirect costs. 

Consequently, costlier but more effective repairs should be cost-effective, so long as they re-

duce the demand for reconstruction. 

 



6.  SUMMARY 

The United States Declaration of Independence (July 4, 1776) stated:  

“Prudence, indeed, will dictate that governments long established should not be changed for 

light and transient causes; and accordingly all experience hath shewn, that mankind are more 

disposed to suffer, while evils are sufferable, than to right themselves by abolishing the forms to 

which they are accustomed.”  

The management of a large bridge network must cope with considerable institutional inertia. As 

a result, changing established procedures, even with demonstrable benefits, can incur prohibi-

tive but unquantifiable hardships. Infrastructure management can seek a desired performance at 

minimized costs, maximize the benefits for the available funding, or combine these constraints 

in various degrees. All of these procedures operate in an essentially reactive, rather than preven-

tive mode, because they satisfy rigid constraints, rather than desirable restraints. Such a mode is 

implied in the balancing of the demand / supply between existing traffic / structure. If bridges 

are designed to maximize performance, and managed to minimize risk under established budget 

constraints, they will not achieve the best quality engineering can produce. “Best” is equated 

with “serviceable”. It is noteworthy that many new and spectacular achievements in bridge en-

gineering appear to have been inspired as much by the demand for service as by the desire to es-

tablish world records or to give life to a desired form.     

The present study examines possibilities for correlating bridge rehabilitation and maintenance 

on one hand, and bridge condition ratings on the other. The following observations emerge: 

- The average conditions of large networks do not adequately represent their needs. Averages 

conceal corrective expenditures, and, more importantly, divert the attention from the worst cas-

es.   

- Most sets of actions which effectively reduce bridge element deterioration appear cost – 

competitive relative to reconstruction. Maintenance  “effectiveness” becomes quantifable af-

ter many years of consistent expenditures, rendering that option incompatible with both per-

formance- and risk-based strategies. Discretizing  maintenante into preservation tasks with 

immediately quantifiable benefits may be a way out of the shortest useful life cycle..  

- So far, condition rating systems have been criticized for a lack of quantification capable of 

supporting load-ratings and scopes of reconstruction. In a network designed for the longest ser-

vice life, the benefits of maintenance would have to be quantified as well. Breaking down 

maintenance (or preservation) into specific tasks with intended benefits in terms of element life 



extension is becoming indispensable for management. This must be supported by quantified 

bridge inspections on the same level. 

- New maintenance /  preservation tasks are emerging while old ones are qualifying as recon-

struction. Paint is foremost among the latter. Anti-icing with non-corrosive chemicals in lieu of 

chlorides is an example for the former. New types of construction are evolving jointly with their 

required maintenance. 

- Bridge condition deterioration can be effectively counteracted by capital improvements, 

such as rehabilitation. Once a steady state with certain annual expenditures is established, it is 

very difficult to modify it, even if it is not the most cost-effective one.  

A larger network consists of various structures in size and complexity. Hence different strate-

gies can be applied to larger and smaller, unique and typical bridges. For small structures, re-

placement with minmum traffic disruption can be the best strategy. For irreplaceable bridges, 

the extension of the useful life by “preventive maintenance” or “preservation” is preferable, both 

in terms of direct and user costst. 

 

 Disclaimer 

This Chapter presents the views of the author and not those of any organization. 
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